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Cellular signalling mechanisms are
designed to transmit information
from the cell surface membrane to
specific targets within the cell.
Often, the information is transmitted
by means of intracellular messengers,
of which the calcium ion, Ca2+, is one
of the most important. Indeed, Ca2+
operates throughout the life history
of a typical cell: it triggers new life at
fertilisation, it controls many
developmental processes, and once
cells have differentiated it functions
to control processes as diverse as
contraction, secretion, metabolism,
proliferation, learning and memory.
New roles for Ca2+ are constantly
being defined.
How can a simple ion such as
Ca2+ control all these things? The
answer lies in the fact that Ca2+
signals are enormously versatile. For
example, Ca2+ can operate within
small cellular compartments, or it
can act more globally and pervade
the entire cytoplasm of a cell and
also penetrate organelles such as
mitochondria and the nucleus.
Furthermore, Ca2+ signals can have
durations lasting from microseconds
to hours, and can occur transiently
or in a pulsatile manner.
Sources of Ca2+
Ca2+ signals generally result from the
opening of Ca2+ channels or the
activity of Ca2+ transporters. These
are located either on the plasma
membrane, or inside the cell on the
endoplasmic reticulum (ER) or
sarcoplasmic reticulum (SR). The
plasma membrane Ca2+ channels can
be divided into different types,
according to their activation
mechanism: voltage-operated
channels, receptor-operated
channels, mechanically-activated
channels and the so-called
‘store-operated channels’, which are
opened following the depletion of
internal Ca2+ stores.
Ca2+ release from the ER and SR
occurs via three types of channel. Of
these, inositol 1,4,5-trisphosphate
(IP3) receptors and ryanodine
receptors are the best characterised.
A third type of channel, known as
SCaMPER (sphingolipid
Ca2+-release-mediating protein of
endoplasmic reticulum) seems to
release Ca2+ in response to an
increase in intracellular sphingolipid
concentrations. The differential
expression of these Ca2+ entry or
release channels allows cells to
respond to a diverse range of stimuli
and produce Ca2+ signals that are
tissue specific.
When activated, both Ca2+ entry
and Ca2+ release channels introduce
Ca2+ into the cytoplasm. As these
channels are only open for a short
time, however, they only introduce
brief pulses of Ca2+ that form a
small plume around the mouth of
the channel before diffusing into
the cytoplasm (Figure 1). For some
of the Ca2+ entry and release
channels, these localised plumes of
Ca2+ have been visualised using
confocal microscopy of living cells
(Figure 2). Such Ca2+ increases have
been recorded in vastly different
cell types, prompting the realisation
that these so-called ‘elementary’
Ca2+ signals represent the basic
building blocks of Ca2+ signalling.
Elementary Ca2+ signals
As in all new fields that are
developing rapidly, workers have tried
to give their observations a unique
identity, and we therefore have an
expanding list of rather fanciful
names for elementary Ca2+ entry and
release signals. For example, some of
the earliest recorded elementary
events were ‘quantum emission
domains’ (QEDs; Ca2+ entry signals in
the squid giant synapse) and ‘bumps’
in Drosophila photoreceptors.
A good deal of recent work has
concentrated on the elementary Ca2+
signals associated with the release of
Ca2+ from the internal stores; these
events have been referred to as
‘quarks’, ‘sparks’, ‘blips’ and ‘puffs’.
As outlined in the green box, these
names reflect whether the event is
produced by ryanodine receptors
(quarks and sparks) or IP3 receptors
(blips and puffs), and whether it is
associated with the opening of a
single channel or a group of channels.
It is important not to get too hung
up on the terminology but, rather, to
appreciate that the identification and
characterisation of these elementary
Ca2+ signals have greatly enhanced
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Figure 1
A typical elementary event resulting from the
localised release of Ca2+ (red) from channels
(ryanodine or IP3 receptors; coloured blue)
located in the endoplasmic reticulum (ER) or
sarcoplasmic reticulum (SR). (a) Quiescent
state. (b) A group of channels open to form a
spark or puff. (c) The channels shut and Ca2+
diffuses into the cytoplasm.
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our understanding of Ca2+ signalling
at two levels. First, the elementary
Ca2+ signals themselves have been
shown to provide local control of
many physiological functions.
Second, they have enabled us to see
that complex global Ca2+ signals,
such as Ca2+ oscillations and waves,
are constructed by recruiting these
basic building blocks.
Local Ca2+ signalling
Some examples of processes that are
directly controlled by elementary
Ca2+ signals include the release of
synaptic and secretory vesicles, the
activation of ion channels,
mitochondrial energy metabolism
and the generation of
nuclear-specific Ca2+ signals. There
are several advantages to using
elementary Ca2+ signals, rather than
global increases in Ca2+, to control
such processes. For example, as the
elementary Ca2+ signals have only a
limited spatial range (usually
1–6 µm), and the Ca2+ concentration
declines sharply with distance from
the site of origin, regulation of
cellular activities relies on close
localisation of the Ca2+ channels and
their targets. This allows Ca2+ to
have a highly specific effect.
In addition, elementary Ca2+
signals can have a rapid effect at
relatively low energy cost to the cells,
in contrast to global Ca2+ changes.
The rapidity of signalling through
elementary events is evident, for
example, in synaptic transmission
where voltage-operated channels
located next to synaptic vesicles
trigger exocytosis by providing
high-intensity pulses of Ca2+. The
QEDs recorded in squid giant axons
last for about 1.25 milliseconds,
during which time the concentration
can rise to 200–300 µM. The limited
number of Ca2+ ions used to generate
such signals can be removed from
the cytoplasm more rapidly than
global Ca2+ signals and without
consuming as much ATP.
Global Ca2+ signalling
In addition to controlling the local
functions of cells, elementary Ca2+
signals are responsible for the
generation of global Ca2+ signals such
as waves and oscillations. Essentially,
global Ca2+ signals arise via the
co-ordinated recruitment of many
elementary Ca2+ release and entry
channels. The mechanisms by which
this is achieved, and the balance
between Ca2+ influx and release, are
cell-type specific. For example, in
many types of non-excitable cell,
Ca2+ release provides the main
component of the signal, whereas
excitable cells often rely on both Ca2+
entry and release to varying degrees. 
In non-excitable cells, the
co-ordination of Ca2+ release is
usually achieved through the
autocatalytic process of Ca2+-induced
Ca2+ release (CICR; Figure 3a). The
usual sequence of events involves an
elementary Ca2+ signal in one region
of the cell providing a triggering
pulse of Ca2+ that diffuses outwards
to recruit neighbouring channels.
This sets up a Ca2+ wave that
spreads in a regenerative manner
throughout the cell. Such waves
travel relatively slowly (about
10–100 µm/sec), meaning that the
synchronisation of Ca2+ release
necessary to create a global signal
takes about 1 second in cell types
using this mechanism. In those cases
where cells are connected by gap
junctions, Ca2+ waves can also spread
from one cell to the next, thus
co-ordinating the activity of groups
of cells within a tissue.
Faster mechanisms for
synchronising Ca2+ release are
employed in excitable cells such as
the myocytes of cardiac muscle,
where development of global Ca2+
signals on the millisecond time scale
is needed to activate contraction. In
this case, the electrical depolarisation
(that is, an action potential) that
sweeps over the surface of the cell
activates voltage-operated channels
in the plasma membrane. The
opening of these channels provides a
pulse of Ca2+ influx that is amplified
by ryanodine receptors in the SR
using a CICR mechanism
(Figure 3b). Essentially, the voltage-
operated channels recruit clusters of
ryanodine receptors, which act
together to produce the elementary
Ca2+ signals known as sparks (see
green box). The global Ca2+
transient in cardiac cells therefore
arises via the summation and spatial
overlap of elementary Ca2+ signals
arising at the thousands of spark sites
within each myocyte.
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Quark: an elementary event resulting
from the opening of a single ryanodine
receptor.
Spark: an elementary event resulting
from the opening of a group of
ryanodine receptors that may thus be
considered as a collection of quarks.
Blip: an elementary event associated
with the opening of a single IP3 receptor.
Puff: an elementary event associated
with the opening of a localised group of
IP3 receptors that may thus be
considered as a collection of blips.
Calcium-speak
Figure 2
(a) An elementary and (b) a global Ca2+
signal, each in a hormone-stimulated
epithelial cell visualised using confocal
microscopy. Areas coloured blue indicate low
Ca2+ concentrations and red/yellow indicates
high Ca2+ concentrations. Images were taken
at intervals of (a) 100 milliseconds or (b) 500
milliseconds. (Part (b) reproduced, with
permission, from Lipp et al., EMBO J 1997
16:7166-7173.)
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Summation of multiple Ca2+
spark sites also underlies skeletal
muscle contraction, but in this case
even faster synchronisation of
elementary Ca2+ release signals is
achieved via a direct protein–protein
interaction between the
voltage-operated channels and
ryanodine receptors in the SR
(Figure 3c). When the electrical
signal spreads throughout the plasma
membrane, the voltage-operated
channels undergo a conformation
change that simultaneously activates
the ryanodine receptors. The
generation of Ca2+ signals in skeletal
muscle is a nice example of the
recruitment of elementary Ca2+
signals on different levels. The initial
activation of voltage-operated
channels leads to the opening of
single ryanodine receptors, thus
generating Ca2+ quarks.
Subsequently, the quarks trigger
neighbouring ryanodine receptors
that are not coupled to voltage-
operated channels by CICR, thereby
producing the bigger Ca2+ sparks.
The combined signal from each of
the sparks globally increases the Ca2+
levels and triggers contraction.
Universality and versatility
It is probably fair to say that there
are few situations in cellular control
systems where Ca2+ is not
implicated as a regulator or
co-factor. Different cell types,
however, use distinct Ca2+ signals,
as appropriate to their physiology.
Furthermore, by using Ca2+ as an
intracellular messenger, cells walk a
delicate tightrope between life and
death. Ca2+ is in a sense rather like
oxygen; it is necessary for life but
can also be toxic. When the
homeostatic mechanisms
responsible for regulating cellular
Ca2+ are compromised, cells will die.
This can be either in a disordered
manner by necrosis, or by the more
deliberate apoptotic mechanism.
The ability to use Ca2+ in
different modes helps cells to
achieve a multitude of signals varying
in amplitude, frequency, kinetics and
localisation, and also to avoid the
deleterious effects associated with
Ca2+ increases. In particular, the
advantage of having local and global
signalling modes is that Ca2+ can be
used to control separate processes in
the same cell. A striking example of
this occurs in smooth muscle cells
where it is proposed that Ca2+ can
regulate both relaxation and
contraction. Spontaneous Ca2+ sparks
occurring beneath the plasma
membrane can result in relaxation by
activating potassium channels that
cause hyperpolarisation of the cell
membrane potential. In contrast, the
muscle contracts if such sparks are
co-ordinated to create a global Ca2+
wave that penetrates into the cell to
activate the contractile apparatus.
Thus, the same messenger can
control diametrically opposed cellular
responses depending on whether it is
presented as elementary or a global
Ca2+ signal.
Future prospects
Although we know a good deal
about the characteristics and
recruitment of elementary Ca2+
signals in some tissues, for example,
skeletal and cardiac myocytes, we
still have much to learn about how
these signals function in other
tissues, such as neurons, where local
Ca2+ release events seem to underlie
changes in memory.
Another unexplored area
concerns the regulation of cellular
organelles by elementary Ca2+
signals. The close proximity of
different cellular organelles to the
various Ca2+ channels temptingly
suggests that elementary Ca2+ signals
might specifically control their
functions. Finally, the role of
elementary Ca2+ signals in
pathological conditions also has to be
considered. An example of this could
be the uncoupling of Ca2+ sparks
from action potentials in the heart.
There is reason to believe that
spontaneous triggering of Ca2+
sparks underlies the generation of
irregular heart beats and sudden
heart death.
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Figure 3
Mechanisms underlying the generation of
global Ca2+ signals. Recruitment of
elementary Ca2+ release events leads to a
global Ca2+ signal in (a) non-excitable cells,
(b) cardiac myocytes and (c) skeletal
muscle. (Calcium is coloured red; blue
represents either IP3 or ryanodine receptors;
ryanodine receptors are green; and voltage-
operated channels, orange.)
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